INTRODUCTION
============

Novel and complex topological structures for electric polarization in nanostructure ferroelectrics have gained considerable attention in the recent past ([@R1], [@R2]) because of the growing interest in advanced memory storage ([@R1], [@R3], [@R4]) and the potential applications of such structures as a functional element in future nanoelectronics ([@R5]). With reduced size/dimensions in ferroelectric nanodots ([@R6]), nanowires ([@R2]), thin films ([@R3], [@R5]), and superlattices ([@R2], [@R7], [@R8]), the pronounced effects of boundary (surface and interface) drive the emergence of exotic configurations of electric dipole moments ([@R9]), such as the vortex-antivortex state ([@R7], [@R10]), polarization wave ([@R11]), and flux-closure domains ([@R5], [@R12]). In particular, the vortex-like polarization configuration with continuous rotation similar to vortex flow in fluid mechanics ([@R13]) and skyrmions in ferromagnetisms (rotational spin topologies) ([@R14]) can exist in ferroelectrics that are a few nanometers in size, mainly due to the large depolarizing field ([@R1], [@R15]) and/or strain ([@R7], [@R11]), which may be promising for data storage applications ([@R4], [@R5]). Within such a vortex state, the memory bits are considered to be stored with almost little intrabit cross-talk with adjacent bits on one hand ([@R1]), and on the other hand, this nanosized polarization state (vortex-antivortex) is believed to yield a high density of bits ([@R1], [@R15]). Theoretical studies have initially predicted the rotation of dipole vectors in ferroelectrics ([@R1], [@R7], [@R15]); subsequently, the inferred idea of dipole rotation was experimentally materialized in rhombohedral BiFeO~3~ ([@R3]) and tetragonal PbZr~0.2~Ti~0.8~O~3~ ([@R5]) thin films, as well as in ferroelectric/paraelectric superlattices PbTiO~3~/SrTiO~3~ ([@R8], [@R11], [@R16], [@R17]). In this superlattice system, the observed long-range ordered arrays of vortices are believed because of a delicate balancing interplay among polarization gradient energy, electric energy, and elastic energy ([@R10]). Very recently, the measurements of electric field and polarization field in (PbTiO~3~)~12~/(SrTiO~3~)~12~ are reported by using an electron microscopy pixel array detector ([@R18]).

The rotatable and highly nonuniform spontaneous polarization configuration driven by the electrical and mechanical boundary conditions is essential for the emergent exotic properties of vortices. Thus, it is of prime importance to know the distribution of electric dipoles within an individual vortex for which the screening mechanism dominates its electrical activity. Although theoretical investigations \[e.g., phase-field modeling ([@R19])\] have calculated the spatially distributed electric dipoles, experimental measurements are very challenging because of the small size of the vortex (\~4 nm) and the largely spatial variety of polarization within a single vortex; e.g., polarization anisotropically changes from −44.81 to 44.81 μC cm^−2^ in-plane and from −54.24 to 54.24 μC cm^−2^ out-of-plane for the (PbTiO~3~)~10~/(SrTiO~3~)~10~ superlattice system, as predicted by the phase-field modeling ([@R10]). Most of the knowledge on the polarization orientation and magnitude of polar vortices in these superlattice systems ([@R8], [@R10], [@R11], [@R20]) was extracted from the high-angle annular dark-field (HAADF) imaging in aberration-corrected scanning transmission electron microscopy (STEM) by measuring the atomic displacement between Pb and Ti, mainly because the HAADF image with atomic number--dependent contrast is quite insensitive to the lighter oxygen atom ([@R21]). This method is based on a simple empirical relationship ([@R22]): *P*~s~ = *k*Δ*d*, where *P*~s~ is the polarization, *k* is an empirical constant fitted from macroscopic measurement of many ferroelectric materials, and Δ*d* is the displacement between the cations. Compared with the precise equation $P_{s} = ~\frac{1}{V}\sum\delta_{i}Z_{i}$ ([@R23]), where *V* is the volume of unit cell, δ is the displacement/shift of atom *i* from its centrosymmetric position, and *Z* is the Born effective charge of atom *i* calculated by ab initio theory ([@R24]), the above measurement based on the HAADF image omitting the oxygen positions is therefore unable to extract accurate information on polarization distribution. On the other hand, in the vortex region with a highly distorted lattice, it is impossible to deduce the oxygen positions simply based on cationic configuration. Therefore, experimentally quantitative measurement of polarization in an individual polar vortex has not been achieved yet. To precisely extract unit cell--scale magnitude and orientation of polarization distribution in such a highly distorted structure, robustly imaging oxygen positions is a prime prerequisite.

Here, we characterize the vortex-antivortex configuration in a (PbTiO~3~)~10~/(SrTiO~3~)~10~ superlattice on a GdScO~3~ substrate with a SrRuO~3~ bottom electrode by using integrated differential phase contrast (iDPC) imaging in aberration-corrected STEM, which enables us to simultaneously visualize both heavier cations and relatively lighter oxygen columns ([@R25], [@R26]). On the basis of the atomically resolved iDPC images, we attained essential parameters such as bond length and atomic shift/displacement to quantitatively measure the magnitude and orientation of polarization at the subunit cell scale. Our results show that the polarization is highly nonuniform to continuously rotate the vortex structure. The polarization is changed from \~−50.8 to \~62.3 μC cm^−2^ for the in-plane (*P~x~*) and \~−108.8 to \~88.3 μC cm^−2^ for the out-of-plane (*P~z~*) passing the cores of the vortices, where the latter is typically larger than that of previous phase-field modeling ([@R10]). The magnitude of polarization is closely associated with tetragonality. For the out-of-plane component *P~z~*, the upward polarization is smaller than the downward polarization, thus leading to a small net downward polarization in the superlattice film. At the subunit cell level, the contribution of *P*~Pb─O~ largely varies within a single vortex; i.e., in the downward domain, the Pb─O bond contributes more polarization than the Ti─O bond, while in the upward domain, Pb─O contributes less, indicating that the highly flexible Pb─O bond is the possible main origin of largely varied out-of-plane polarization. Note that the precise measurement of polarization and subunit cell--level information cannot be obtained from the measurements that omit oxygen information such as HAADF. The accurate measurement of polarization in a single ferroelectric vortex in this study is helpful for the mechanistic understanding of lattice-charge coupling phenomena such as ferroelectricity, piezoelectricity, and flexoelectricity at the nanoscale.

RESULTS
=======

Vortex in superlattice
----------------------

Superlattice thin films (PbTiO~3~)*~n~*/(SrTiO~3~)*~n~* (where *n* is the thickness of each PbTiO~3~ and SrTiO~3~ layer in terms of unit cell), which contain vortex arrays and flux-closure domain patterns ([@R10], [@R12], [@R16], [@R17]), are grown on the GdScO~3~ (110) substrate with the SrRuO~3~ substrate by pulsed laser deposition (PLD). Experimental details are shown in the Supplementary Materials. The low-magnification STEM image of (PbTiO~3~)~10~/(SrTiO~3~)~10~ in [Fig. 1A](#F1){ref-type="fig"} depicts an alternative PbTiO~3~ layer with bright contrast and an SrTiO~3~ layer with dark contrast. [Figure 1 (B and C)](#F1){ref-type="fig"} shows geometric phase analysis (GPA) maps of the superlattice sample (see more details in fig. S1). The white-colored sinusoidal wavelike pattern along the \[100\] direction suggests the long-range ordering of vortex (clockwise) and antivortex (anticlockwise) arrays, whereas no such feature can be seen in SrTiO~3~ layers. The sharpness and coherency of the interface in PbTiO~3~/SrTiO~3~ multilayers can be visualized in an atomically resolved HAADF polar map ([Fig. 1D](#F1){ref-type="fig"}) ([@R11]), wherein two tail-to-tail sets of in-plane polarization are bifurcated by out-of-plane polarization, thus making the adjacent pairs of vortex and antivortex similar to previous studies. From the iDPC image for a pair of vortices in [Fig. 1E](#F1){ref-type="fig"} (colored for clarity), the atomic shift between cations and anions with respect to their respective centrosymmetric positions is visible to the naked eye, and such a shift between cations and an O atom seems more pronounced than that between Pb and Ti ([Fig. 1F](#F1){ref-type="fig"}). Thus, the iDPC image not only presents the information of oxygen configurations within the highly distorted vortex but also should give much better accuracy for polarization measurements that are based on the displacements between cations and oxygen.

![Structural characterization of (SrTiO~3~)~10~/(PbTiO~3~)~10~ superlattices.\
(**A**) Low-magnification STEM image of (PbTiO~3~)~10~/(SrTiO~3~)~10~ with the zone axis \[010\] of PbTiO~3~. (**B**) Out-of-plane strain ε*~yy~* and (**C**) in-plane strain ε*~xx~* calculated from GPA based on a STEM image. (**D**) High-angle annular dark-field (HAADF) STEM image overlapped with the polar vectors of a single vortex-antivortex pair in the PbTiO~3~ layer sandwiched between two SrTiO~3~ layers, showing a continuous rotation of electric dipole vectors. (**E**) Atomically resolved iDPC image with inverted contrast for clarity of purpose. (**F**) Five enlarged unit cells (left, right, top, bottom, and middle) are portrayed to depict the direction of polarization based on the atomic displacement of oxygen with respect to the cations.](aav4355-F1){#F1}

Precise measurement of polarization
-----------------------------------

On the basis of this iDPC image, the bond length and atomic displacement/shift variation within the vortex-antivortex, both in-plane and out-of-plane, of cation-anion (calculated from the complete atomic positions including the lighter oxygen) are incorporated in the Supplementary Materials (see details in fig. S2), whereas [Fig. 2A](#F2){ref-type="fig"} depicts the nonuniform distribution of displacement vectors (as well as polarization) of the vortex-antivortex pair. [Figure 2 (B and C)](#F2){ref-type="fig"} shows color maps portraying the unit cell--level distribution of polarization, both out-of-plane (along \[001\]) and in-plane (means parallel to the interface), respectively, for the iDPC image in fig. S3A, while fig. S3B depicts the total polarization magnitude. Meanwhile, see Materials and Methods for details on the performed measurement. The line profiles in [Fig. 2 (D and E)](#F2){ref-type="fig"} depict the polarization variation for both out-of-plane (horizontal outlines "a" and "b" in [Fig. 2B](#F2){ref-type="fig"}) and in-plane (vertical outlines "c" and "d" drawing through interface-core-interface in [Fig. 2C](#F2){ref-type="fig"}), respectively. The out-of-plane polarization *P~z~* \~−108.8 to 88.3 μC cm^−2^ ([Fig. 2D](#F2){ref-type="fig"}) exists between the vortex and the antivortex (in [Fig. 2B](#F2){ref-type="fig"}), while the in-plane polarization *P~x~* \~−50.8 to 62.3 μC cm^−2^ ([Fig. 2E](#F2){ref-type="fig"}) occurs in the region between the core and the interface of SrTiO~3~ and PbTiO~3~. [Figure 2F](#F2){ref-type="fig"} shows the distribution of magnitude of the polarization for out-of-plane and in-plane in the PbTiO~3~ layer having vortex configuration. The larger maximum *P~z~* than *P~x~* is representative of both experiment and phase-field modeling ([@R10]) owing to the compressive strain in this superlattice system. For comparison, the polarization of a single-layer PbTiO~3~ film with thickness \~100 nm on the SrTiO~3~ substrate is also measured to be \~94.6 μC cm^−2^ (fig. S4).

![Quantitative measurements of polarization distribution for a single vortex-antivortex pair based on the cation-anion atomic positions in the iDPC image.\
(**A**) An iDPC image overlapped with the polarization vectors that are calculated from the displacements between cations and anions. The unit cell--mapped (**B**) out-of-plane (*P~z~*) and (**C**) in-plane (*P~x~*). The plot of polarization for (**D**) the horizontally marked outline region in (B) and the vertically traced outline region in (C). Black dashed lines in (D) and (**E**) denote the bulk value of polarization. (**F**) Distribution of magnitude of polarization for out-of-plane and in-plane in PbTiO~3~ layer having vortex configuration.](aav4355-F2){#F2}

The previous phase-field modeling entails that in-plane *P~x~* and out-of-plane *P~z~* polarization distribution ranges are from −44.81 to 44.81 μC cm^−2^ and from −54.24 to 54.24 μC cm^−2^, respectively, for the vortex in the (PbTiO~3~)~10~/(SrTiO~3~)~10~ superlattice having the same thickness as and with a similar substrate to our current work, with the polarization of bulk PbTiO~3~ being set to 75 μC cm^−2^ ([@R10]). Therefore, this unit cell--level measurement of *P~x~* is in good agreement with the phase-field simulation (50.8/94.6 \< 44.81/75 \< 62.3/94.6), while the measured *P~z~* is larger than the expected value (88.3/94.6 \> 54.24/75).

Both out-of-plane and in-plane lattice variation along with the tetragonality (*c*/*a* ratio is always larger than 1) maps are separately illustrated in [Fig. 3](#F3){ref-type="fig"}. The contour outlines in [Fig. 3C](#F3){ref-type="fig"} highlight those regions where *P~z~* is larger than 50 μC cm^−2^; besides, the tetragonality is also typically larger, indicating that the magnitude of polarization is closely related to the tetragonality similar to other ferroelectric systems ([@R27]). Furthermore, according to recent reports, the flexoelectric effect seems to play a noticeable role in determining magnitude of polarization ([@R20], [@R28]) in a complicated manner. In contrast, the quantitative methodology carried out here by mapping the essential parameters of bond lengths and atomic displacements between cation and anion to determine the magnitude of polarization ([@R23]) can be considered far accurate, particularly when handling the complicated configuration patterns.

![Quantitative analysis of the out-of-plane and in-plane lattice constant along with calculation of tetragonality for the PbTiO~3~/SrTiO~3~ superlattice.\
Color magnitude map for lattice constant (**A**) out-of-plane and (**B**) in-plane. (**C**) Illustration of magnitude mapping for tetragonality (*c*/*a* ratio). The consecutive marked regions (in [Fig. 2C](#F2){ref-type="fig"}) indicate upward (away from substrate) and downward (toward substrate) polarization (\>50 μC cm^−2^). (**D**) Distribution of magnitude of polarization for upward (red data) and downward (green data) directed polar vectors in the PbTiO~3~ layer having vortex configuration. The average value for downward (green data) and upward (red data) polarization magnitude is \~77.0 and \~69.6 μC cm^−2^, respectively.](aav4355-F3){#F3}

Moreover, the downward polarization is larger than the upward polarization, i.e., 108.8 μC cm^−2^ for downward polarization and 88.3 μC cm^−2^ for upward polarization, from the measurements in [Fig. 3D](#F3){ref-type="fig"}, leading to a small net downward polarization in the superlattice. This may be understood by the polarization screening mechanism at the bottom electrode and/or top surface. Previous studies reported that the as-grown tetragonal PbZr~0.2~Ti~0.8~O~3~ ([@R29]) and PbTiO~3~ ([@R30]) on the SrRuO~3~ electrode have downward polarization, because SrRuO~3~ can effectively compensate for the negative bound charge at the interface.

Decoupling the contributions of Ti─O and Pb─O bonds
---------------------------------------------------

Another substantial aspect for these topological configurations having nonuniform polarization such as vortex-antivortex arrays is essentially correlated to subunit cell--level information (see also fig. S2), which cannot be extracted from the phase-field modeling, not to mention other experimental investigations. Color magnitude maps of out-of-plane polarization (*P~z~*) obtained separately for SrO/PbO atomic planes/layers and TiO~2~ atomic planes are shown in [Fig. 4](#F4){ref-type="fig"} (A and B, respectively), whereas magnitude maps of in-plane polarization (*P~x~*) are illustrated in [Fig. 4D](#F4){ref-type="fig"} (SrO/PbO atomic planes) and [Fig. 4E](#F4){ref-type="fig"} (TiO~2~ atomic planes). The ratio of polarization distribution maps of out-of-plane (*P~z~*) and in-plane (*P~x~*) polarization obtained separately for SrO/PbO atomic planes/layers and TiO~2~ atomic planes is illustrated in [Fig. 4](#F4){ref-type="fig"} (C and F, respectively). Magnitude maps in [Fig. 4](#F4){ref-type="fig"} depict that, unlike the constant contribution of *P*~TiO2~ and *P*~PbO~ in bulk, both in-plane and out-of-plane contributions of Ti─O and Pb─O change over the entire vortex. The contribution of TiO~2~ and PbO layers to the total polarization is not identical and was rather found to be largely inhomogeneous. For instance, for out-of-plane polarization distribution, the relative contribution is very different between the upward and downward domains from [Fig. 4 (G and H)](#F4){ref-type="fig"}; i.e., in the downward domain with larger polarization, the contribution of the Pb─O bond is pronounced compared to the Ti─O bond, while in the upward domain with smaller polarization, the contribution of the Pb─O bond becomes suppressed, indicating that the adjustable Pb─O bond is the main origin of largely varied polarization, which is probably because the Pb─O bonds, instead of being pure ionic, are partially covalent in nature, owing to the hybridization of Pb 6s and O 2p orbitals; as a result, coulomb interactions account for the highly heterogeneous ferroelectric distortions ([@R31]), which were also observed in other lead-based ferroelectrics ([@R29]). Furthermore, the hybridized Pb and O states introduce the large strain, which, in turn, stabilizes the tetragonal ferroelectric phase. Thus, the altering trend of Pb─O bond length at different regions within the vortices is largely responsible for polarization variation. In contrast, although the ratio of in-plane polarization distribution in [Fig. 4F](#F4){ref-type="fig"} also shows spatial fluctuation over the entire vortex, no clear trend is observed.

![Subunit scale level of polarization distribution.\
Color magnitude map of out-of-plane (*P~z~*) polarization distribution obtained separately for (**A**) SrO/PbO atomic planes, (**B**) TiO~2~ atomic planes, and (**C**) contribution ratio of *P*~(SrO/PbO)~ to *P*~(TiO2)~. Color magnitude map of in-plane (*P~x~*) polarization distribution obtained separately for (**D**) SrO/PbO atomic planes, (**E**) TiO~2~ atomic planes, and (**F**) contribution ratio of *P*~(SrO/PbO)~ to *P*~(TiO2)~. (**G**) Plot for the horizontally marked rectangular region in (C). (**H**) Plot for the horizontally marked rectangular regions in (A) and (B), at both PbO atomic planes (purple data) and TiO~2~ atomic planes (orange data).](aav4355-F4){#F4}

DISCUSSION
==========

Onward, we compare our measurements on cation-anion configuration from an iDPC image (see [Fig. 2](#F2){ref-type="fig"}) with those from an HAADF image (fig. S5) in which the information of oxygen positions is omitted. Although the HAADF image can also produce a similar pattern of polarization distribution (fig. S5, B and C) to that of iDPC, there are a few differences between them. First, from the HAADF image, the estimated polarization *P~x~* is \~−39.4 to 40.2 μC cm^−2^ and *P~z~* is \~−69.6 to 62.9 μC cm^−2^, and the latter is considerably smaller than that from the iDPC image in [Fig. 2](#F2){ref-type="fig"}. Second, the subunit cell information (i.e., the relative contribution of PbO and TiO~2~ planes) is inaccessible from the HAADF image. Therefore, to precisely measure the polarization distribution in a highly structural distorted vortex, oxygen information is necessary.

Next, we discuss the applicability and limitations of the atomic-scale measurements from the iDPC image. The error of displacement measurement mainly comes from the optical misalignments (e.g., specimen mistilt and residual lens aberration) and the structure inhomogeneity along the electron beam traveling direction. The former can be minimized by careful alignment, optimized imaging conditions (e.g., choosing large convergence angle), and postcorrection during data analysis, while the latter depends on the sample itself. For example, in fig. S6, the displacements in a cubic SrTiO~3~ are measured to be 3.2 ± 2.0 pm between Sr and O and 4.0 ± 1.9 pm between TiO and O, corresponding to 9.1 ± 3.8 μC cm^−2^ in total polarization, which can be considered as the error level for measurements based on iDPC for our sample and under the typical experimental conditions shown in the Supplementary Materials. The mean values (e.g., 3.2 and 4 pm) mainly represent the effects of misalignments and residual lens aberration, while the SD (2.0 and 1.9 pm) mainly comes from the structural inhomogeneity. Both of them account for the error bars and limit measurement precision. In principle, for those material systems with displacements above the error level, polarization measurement at the subunit cell level is practicable (see more detailed discussion in the Supplementary Materials).

Note that the measurement precision becomes worse for those specimens with large structural inhomogeneity along the electron beam traveling direction, as the iDPC can only provide two-dimensional projected information identical to other images in TEM. To overcome this problem, atomically resolved three-dimensional imaging ([@R32]) is needed in the future. Nevertheless, in our study, the vortex tube is straight and uniform over a few hundreds of nanometers along the \[010\] direction ([@R10]), and the previous density functional theory ([@R28]) calculation and three-dimensional phase-field simulation ([@R10]) suggested that the polarization has only two components, *P~z~* (out-of-plane) and *P~x~* (in-plane), with no polarization along the electron beam direction (labeled *y*); therefore, the two-dimensional projected iDPC image can still provide key information on polarization distribution.

In summary, we use the iDPC imaging technique to accurately measure the atomic structure and polarization distribution of an individual ferroelectric vortex in the PbTiO~3~/SrTiO~3~ superlattice system. Our study shows that magnitude of polarization is nonuniform and that the out-of-plane polarization *P~z~* \~−108.8 to 88.3 μC cm^−2^ exists between the vortex and the antivortex and the in-plane polarization *P~x~* \~−50.8 to 62.3 μC cm^−2^ occurs in the region between the core and the interface of SrTiO~3~ and PbTiO~3~. The measured in-plane polarization *P~x~* is in good agreement with the previous phase-field simulation, while the out-of-plane *P~z~* is typically larger than the expected value. Furthermore, for the out-of-plane *P~z~*, the downward polarization is larger than the upward polarization. At the subunit cell level, the contribution of Pb─O to the total out-of-plane polarization *P~z~* is very prominent in the downward domain, while less significant in the upward domain, indicating that compared to the Ti─O bond, the flexible Pb─O bond is the main origin of largely varied polarization in the vortex. A comparative investigation further clarifies that, although the direction of polar vectors can also be obtained by the measurements of the displacements between cations, the precise magnitude of polarization must require the oxygen information. The accurate measurement of polarization of a single ferroelectric vortex is helpful for the mechanistic understanding of the properties of a polar vortex and lattice-charge coupling phenomena in these complex topological structures.

MATERIALS AND METHODS
=====================

Preparation of (PbTiO~3~)~10~/(SrTiO~3~)~10~ superlattices
----------------------------------------------------------

Superlattices of (PbTiO~3~)~10~/(SrTiO~3~)~10~ were deposited on \~12 nm SrRuO~3~-buffered, (110)-GdScO~3~ substrates in a PLD system (PVD-5000) equipped with a krypton fluoride laser excimer laser (λ = 248 nm). Ceramic targets of SrRuO~3~, SrTiO~3~, and Pb~1.1~TiO~3~ (10 mol% excessive amount of lead to compensate for the evaporation loss of Pb) were used for the PLD deposition of the bottom electrode and the (PbTiO~3~)~10~/(SrTiO~3~)~10~ superlattices. The SrRuO~3~ and superlattices were grown under a laser energy of 390 and 340 mJ per pulse, respectively, and at a pulse repetition rate of 10 Hz. The SrRuO~3~ was firstly deposited at 690°C under an 80-mtorr oxygen pressure, and then the substrate was cooled down to 600°C for the subsequent growth of the (PbTiO~3~)~10~/(SrTiO~3~)~10~ superlattices. The growth temperature and oxygen pressure for the growth of the superlattices were 600°C and 200 mtorr, respectively. By controlling the growth time, thicknesses of the SrRuO~3~, PbTiO~3~, and SrTiO~3~ layers were held at \~12, \~4, and \~4 nm, respectively. Immediately after the growth of the (PbTiO~3~)~10~/(SrTiO~3~)~10~ superlattices, the samples were cooled down to room temperature under a 200-mtorr oxygen pressure.

TEM sample preparation
----------------------

For iDPC image acquisition, the cross-sectional TEM specimens were thinned to less than \~30 μm first by using mechanical polishing and then by performing argon ion milling. The ion-beam milling was carried out using the Precision Ion Polishing System (Model 691, Gatan Inc.) with an accelerating voltage of 3.5 kV until a hole was made. Low voltage milling was performed with an accelerating voltage of 0.3 kV to remove the surface amorphous layer and to minimize damage.

Image acquisition and analysis
------------------------------

HAADF and iDPC images were recorded at 300 kV, using an aberration-corrected FEI Titan Themis G2 with spatial resolutions up to 60 pm. The convergence semi-angle for imaging is 30 mrad, and the collection semi-angle snap is 4 to 21 mrad for the iDPC imaging and 39 to 200 mrad for the HAADF. The iDPC and HAADF images are not from the same region, as they require different camera lengths and a slight change in focus and lens aberrations. The atom positions were determined by simultaneously fitting two-dimensional Gaussian peaks to an a priori perovskite unit cell using a MATLAB code ([@R3]). In brief, to attain proper atomic position, we used Microsoft Excel to sort the as-obtained random data first by *x* and then by *y*. Bond length is the distance between two adjacent atomic positions, for instance, *m* and *m* + 1, and we calculated it by using the basic distance formula $d = \sqrt{{(x_{2} - x_{1})}^{2} + {(y_{2} - y_{1})}^{2}}~$, where *x*~1~, *y*~1~ and *x*~2~, *y*~2~ are the coordinates of the *m*th and (*m* + 1)th atomic positions, respectively. Subsequently, a similar procedure was adopted for all rows (in-plane) and columns (out-of-plane). Lattice constant, both in-plane \[100\] and out-of-plane \[001\], is obtained by merely adding two adjacent bond lengths. Bond length data were further used to find the relative atomic displacement of atoms by using the numerical differentiation method through the formula $\frac{\mid d_{i + 1} - d_{i} \mid}{2}$ (where *d~i~* and *d*~*i*\ +\ 1~ are the adjacent bond lengths). Eventually, we used these obtained data of displacement along with magnitude of electronic charge (*e*), volume of unit cell (*a*^2^*c*), and Born effective charge values for Sr, Pb, and Ti to calculate polarization by using the following precise relationship: $P_{s} = ~\frac{1}{V}\sum\delta_{i}Z_{i}$ ([@R23]), where *V* is the volume of unit cell (it is *a*^2^*c* in our case), δ is the displacement/shift of atom *i* from its centrosymmetric position, and *Z* is the Born effective charge of atom *i* calculated by ab initio theory having a numerical value of 7.12 for Ti, 3.9 for Pb, and 2.54 for Sr ([@R24]). The abovementioned method was used to attain the polarization for cation-anion (fully structured including the position of the lighter oxygen atom) configuration in the iDPC image. For polarization calculation based on the HAADF image, we used the atomic displacement between A and B sites (only based on cationic positions), and the procedure was based on the empirical formula ([@R22]) *P*~s~ = *k*Δ*d*, where *P*~s~ is polarization, *k* is an empirical constant fitted from the macroscopic measurement of many ferroelectric materials, and Δ*d* is the displacement between cations.
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Fig. S1. GPA of PbTiO~3~/SrTiO~3~ superlattices.

Fig. S2. Bond length analysis for polar vortex.

Fig. S3. An iDPC image of (SrTiO~3~)~10~/(PbTiO~3~)~10~ superlattices with illustrated PbTiO~3~ and SrTiO~3~ layers.

Fig. S4. Atomically resolved iDPC images of PbTiO~3~/SrTiO~3~ thin films.

Fig. S5. Polarization measurement based on cation-cation atomic positions in the HAADF image.

Fig. S6. Quantification of polarization distribution for PbTiO~3~/SrTiO~3~ thin films based on the cation-anion atomic positions in the iDPC image.
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